Polymethylmethacrylate (PMMA) bone cement has been widely used in orthopedic surgery for fixing prostheses and stabilizing collapsed vertebral fractures. Although it is the most popular biomaterials in orthopedics, heat generation during polymerization may cause thermal injury to the surrounding cells. Bone cells exposed to the thermal injury would secret a number of biological factors, and then locally influence a balance of bone remodeling. However, thermal tolerance of bone cells is not well understood. The aim of this study was therefore to quantify in vitro thermal injury of bone-derived cells and to establish a model to predict accumulation of the cell damage. Osteocyte, osteoblast, and fibroblast cell lines were exposed to steady supraphysiological temperatures ranging 40-75°C, and change of cell mortality depending on heating time and temperature was determined by using a dye, propidium iodide. When the cells were exposed to thermal treatment, all cell lines exhibited approximately exponential increase of cell injury at the initial phase, and then gradual decline of the increasing rate as the cell mortality approached 1. This kinetics of cell injury was described well by a logistic curve with high correlation coefficient. By comparing the slope of the logistic curves and the time to reach 50% of cell mortality, it is found that thermal tolerance of osteocytes was significantly low among three cell lines. This result indicates that thermal injury of osteocytes would be induced by the heating at a temperature that is harmless to other cell types, and both necrotic and apoptotic responses of thermally injured osteocytes might stimulate osteoclastic bone resorption.
Introduction
Polymethylmethacrylate (PMMA) bone cement is often used in orthopedic surgery, mainly for fixation of prosthesis such as artificial joint. In recent, it is also applied to stabilize spinal and vertebral compression fractures, which is referred as percutaneous vertebroplasty (PV) [1] . In the PV procedure, several milliliters of bone cement are percutaneously injected into the collapsed vertebra. Polymerized bone cement reinforces and stabilizes the fracture, resulting in release of pain. Although the bone cement is one of the most common biomaterials in orthopedics, it still causes complications. The major problem is thermal injury due to heat generation during polymerization [2] . Although commercially available bone cements have been designed to suppress the heat generation as much as possible, some of the products can elevate its temperature above 60°C [3, 4] . Even in the improved bone cement, the maximal temperature raises to approximately 45°C. This heat generation can induce cell necrosis around the interface between bone tissue and cement. To avoid this side effect, it is important to assess thermal tolerance of bone cells and establish a damage model when the cells are exposed to hyperthermal environment.
The effect of hyperthermal treatment has been well studied with using in vitro experimental models. For instance, Bhowmick et al. mounted a thin tissue slice from prostate tumor on a copper heating block and applied low (40°C) and high (70°C) thermal treatment to the cells [5] . They evaluated cell viability by histological observation as well as fluorescent dye uptake. Instead of tissue slices, Jen et al. used a monolayer of three bladder carcinoma cell lines with different cytological grades [6] . By describing transition of cell viability with the Arrhenius model, they revealed that the thermal tolerance depended on cell species especially when the cells were exposed to the temperature lower than 50°C. Detail mechanism that causes lethal injury to the cell has been also investigated with cancer cells. He et al. suggested that the thermal protein denaturation is an important mechanism of direct hyperthermic cell injury above 40°C [7] . These previous studies provide us a lot of information on cell behaviors subjected to hyperthermal treatment. However, most of the studies focused on cancer cells because understanding the thermal effect is crucial to destruct tumor by means of clinical hyperthermia and thermo-ablation. Thus, knowledge of thermal tolerance concerning bone-derived cells is still lacking.
The aim of this study was therefore to quantify in vitro thermal injury of bone cells and to establish a model to predict accumulation of the cell damage. Osteocyte, osteoblast, and fibroblast cell lines were exposed to steady supraphysiological temperatures ranging 40-75°C. Under a microscope combined with a heating block, changes of cell mortality depending on the heating time and the temperature were measured. These results were then applied to a logistic model to describe the kinetics of cell injury.
Materials and Methods

Cell culture
The immortalized mouse primary osteocyte-like cell line MLO-Y4 was kindly provided by Dr. Lynda Bonewald (University of Missouri at Kansas City, MO) and Dr. Yoichi Kato (Asahi Kasei Corporation, Tokyo, Japan) [8] . The cells were routinely maintained on type I collagen-coated plates (0.15 mg/ml, rat tail collagen type I, BD Biosciences, Bedford, MA) in α-modified minimum essential medium (α-MEM, Gibco BRL, Carlsbad, CA) supplemented with 2.5% fetal bovine serum (FBS, Gibco BRL), 2.5% iron-supplemented calf serum (iCS, HyClone Laboratories, Inc., Logan, UT), and antibiotics (100IU/ml penicillin and 100µg/ml streptomycin, Gibco BRL). The mouse osteoblast cell line MC3T3-E1 and mouse embryonic fibroblast cell line NIH3T3-3 were obtained from ATCC (Manassas, VA) and RIKEN BioResource Center (Tsukuba, Japan), respectively. Both cells were routinely grown in α-MEM supplemented with 10% FBS and antibiotics.
Thermal treatment
A culture substrate was originally fabricated to culture the cells on a heating block (Fig.1) . The substrate consisted of a rectangular glass coverslip (32 mm x 18 mm, 0.15 mm in thickness) and a silicon rubber sheet (32 mm x 18 mm, 1 mm in thickness) with a φ14-mm hole. The silicon rubber sheet was stuck on the coverslip so that the hole of the silicon rubber sheet could provide a well for cell culture. The fabricated substrates were sterilized by autoclaving before use.
Osteocytes, osteoblasts, and fibroblasts were cultured on the substrate at the initial density of 35 cells/mm 2 . After 2-days of culture, the well was rinsed with phosphate buffered saline (PBS), and filled with 0.2 ml of experimental medium. The experimental medium consisted of phenol red-free α-MEM (Gibco BRL) supplemented with 2.5% FBS, 2.5% iCS, antibiotics, 20 mM HEPES, and 15 µM propidium iodide (PI, Molecular Probes, Carlsbad, CA). The top of the well was sealed with another glass coverslip, and then used for the following experiment.
The sealed culture substrate was settled on the thermal stage (LK-600PM, Linkam, Surrey, UK) combined with fluorescent microscope (E600FN, Nikon, Tokyo, Japan). The heating block could be maintained at a desired temperature by monitoring the temperature of the heating block with an embedded thermocouple. In the experiment, the cells were incubated at 37°C for 10 min on the heating block, and then the temperature was raised at 100 K/min to 40, 45, 50, 55, 60, 65, 70 and 75°C. Fluorescent images were observed with a 20x objective, and digitally recorded every 10 sec for 70-75°C, 15 sec for 60-65°C, and 1 min for 40-55°C. Dead cells were identified as the cells emitting red fluorescence of PI. The PI-positive cell number was counted in every image and the thermal tolerance was compared among three cell species. 
Validation of the cell heating system
Prior to the cell experiment, temperature rise on the surface of the culture substrate was validated by using a thermocouple. A type-K sheathed thermocouple with a diameter of 0.3 mm was preliminary calibrated against a standard thermometer in a water bath at various temperatures. It was then glued on the surface of the bottom of the sealed culture substrate (Fig.1) .
The culture substrate with the thermocouple was filled with 0.2 ml of medium, and placed on the thermal stage. After equilibrated at 37°C for 10 min, the substrate was heated up to a desired temperature ranging 40-75°C. Thermoelectric potential generated by the thermocouple was measured by using a digital multimeter (Type 2002, Keithley Instruments, Inc., Cleveland, OH) at approximately every 120 ms and recorded by a personal computer. The temperature rise during the heating process was then calculated from the calibration curve.
Cell damage model
Cell mortality
was formulated with the logistic equation:
where r represents the rate constant for cell injury and c is the time to reach 50% of cell mortality. The parameters r and c were determined by fitting the regression curve to the measured cell mortality using Levenberg-Marquardt algorism provided by a commercial software (KaleidaGraph Ver.3.6, HULINKS, Inc., Tokyo, Japan).
Comparison with other cell damage models
The change of cell mortality was also described by a couple of traditional cell damage models: the first-order irreversible rate process model [5] [6] [7] and a two-step damage model [9] [10] [11] . In the first-order irreversible rate process model, vital cells transit to dead cells with the constant rate of cell injury k as follows: ( 2 ) where N v and N d represents the number of vital and dead cells respectively. Therefore, cell viability ) (t S after exposure to a supraphysiological temperature can be calculated by ) exp( kt − , and thus, the cell mortality
where t is the total time of exposure.
In the two-step damage model, an intermediate state is assumed between vital (subscript v ) and dead (subscript d ) cells. The damage progresses via weak state (subscript w ) of cells as the following process:
where 1 k and 2 k are the constant transition rates of cell number from vital to weak state and from weak to dead state, respectively. Cell viability S(t) is calculated by the following equation [9] [10] [11] :
Therefore, the cell mortality
In the simplest model that assumes k 1 = k 2 = k , cell viability S(t) becomes to be ) exp( ) 1 ( kt kt − + [9] [10] [11] , and thus, the cell mortality
Statistical analysis
All the experiments were repeated at least three times and the results were expressed as mean value ± standard deviation (S.D.). Statistical analysis was performed using a one-way analysis of variance (ANOVA). When ANOVA indicated a significant difference among groups, the difference was evaluated using Fisher's protected least significant difference (PLSD). A confidence level of 95% (p < 0.05) was chosen for statistical significance.
Results
Figure 2 describes transient temperature rise measured at the surface of glass culture substrate. When the thermal stage was heated, the temperature rise on the substrate increased a few seconds behind that of the stage at the same rate, 100 K/min. The final temperature at the glass surface was approximately 1 K lower than the set temperature of the heating block due to the temperature gradient in the glass substrate and the contact thermal resistance between the heating block and the glass coverslip. for 100 min. When the cells were exposed to the temperature ranging 45-75°C, PI-positive cells were slowly induced at the beginning, and then increased exponentially with time. The rate of increase was almost maximal at 50% of the cell mortality, and then decreased gradually as the cell mortality approached 1. The logistic curves with appropriate values of r and c agreed well with the measured progress of cell injury with high correlation coefficients (Table.1). They successfully described the delay in the induction of PI-positive cells, the following exponential increase of cell injury, and the decline of the rate of increase. Table. 1 Values of the empirical parameters in the best-fit logistic equation Figure 6 shows the parameter r for three cell lines subjected to supraphysiological temperature of 45-75°C. The parameter r increased almost exponentially with increasing the heating temperature. Osteocyte-like cell line MLO-Y4 cells showed the largest r among the cell lines. The parameter r of osteocytes was significantly higher than that of fibroblast cell line NIH3T3-3 cells at > 55°C. It was also higher than that of osteoblast cell line MC3T3-E1 cells and the difference was significant at 65°C. Since the parameter r determines the slope of the logistic curve, this result indicates that osteocytes show sharper increase of dead cells once the induction of cell injury is initiated. Figure 7 shows the relationship between the calculated parameter c and the heating temperature for three cell lines. The parameter c decreased exponentially as the heating temperature was elevated. Osteocytes showed the smallest c among the cell lines. The parameter c of osteocytes was significantly lower than that of osteoblasts at > 50°C, and that of fibroblasts at 50°C and 60-75°C. Since the parameter c is the time to reach 50% of cell mortality, the smaller c of osteocytes indicates the rapid progress of cell injury, and therefore the less thermal tolerance of osteocytes. Figure 8 shows the change of MLO-Y4 cell mortality exposed to 55°C and several examples of the mortality curves calculated by the first-order irreversible rate process model, Eq. (3), and the two-step damage model, Eq. (7). The models did not agree with the experimental results. The mortality calculated with the first-order irreversible rate process model increased sharply after exposure to high temperatures and was different from the measured mortality that had a delay in the increase. Although the change of mortality showed S-shaped curve, the two-step damage model was still inadequate to represent the experimental results. Figure 9 shows the relationship between delay time τ (sec) and the heating temperature for three cell lines. The delay time was defined as the time between the initiation of heating and appearance of cell mortality > 0.01. As the heating temperature was elevated, the delay time decreased exponentially. Osteocytes showed the smallest delay time among three cell lines and the difference was significant at 50°C and 60-75°C. The delayed induction of cell death has been reported in previous studies and considered to be an accumulation of sublethal events that required for cell death [12, 13] . During the delay time, the cells suffer from reversible damage and can recover from such damage. From this point of view, cell mortality was represented in Fig. 10 as a function of time that was calculated by subtracting the delay time from the original heating time. The two-step damage model with parameters k 1 and k 2 , Eq. (6), was used to express the change of cell mortality. Although correlation between the two-step damage model and experimental results was improved considerably from that in Fig. 8 , the logistic curves in Fig. 3 was still superior to this model in expressing the typical progress of cell injury. Fig.8 Comparison of the mortality change between the models and experiment for MLO-Y4 cells exposed to 55°C. 
Discussion
During exposure of three cell lines, osteocyte-like cell line MLO-Y4, osteoblast cell line MC3T3-E1, and fibroblast cell line NIH3T3-3, to a steady supraphysiological temperature ranging 40-75°C, change of the cell mortality was examined with a fluorescent dye. All cell lines exhibited approximately exponential increase of cell injury in the initial phase, and then gradual decline of the increasing rate as the cell mortality approached 1. These experimental data were described well by a logistic equation. The logistic equation was proposed first by Pierre Verhulst in the mid-19th century as a model of population growth. His model describes the self-limiting growth of biological population, where a group has the maximal sustainable population and the growth rate is influenced by both the existing population and the amount of available resources. Thus the population growth is approximately exponential at the initial stage, and then decelerated when saturation begins. The growth finally stops after maturation of the group. The logistic equation has been successfully used not only to model the population growth [14] [15] [16] but also to describe a progress of tumor tissue [17] , efficiency of gene transfection [18] , chemical reactions [19, 20] , and so on. However, there is no study that applied the logistic equation to represent cell injury by hyperthermal treatment.
Thermally induced cell injury has often been modeled by kinetic models, especially with an assumption of the first-order irreversible rate process [5] [6] [7] . In this model, viable cells transit to injured state at a constant reaction rate. According to a large number of previous studies [21] , the reaction rate of cell injury can be calculated by using the Arrhenius model because thermally induced alterations in proteins, cells, and tissues are considered to be a kinetic process. A typical behavior of the first-order irreversible rate process is that the population of damaged cells increases significantly only when the activation energy exceeds the threshold. The number of injured cells increases steeply, and then approaches asymptotically to 1. Prediction by this model agrees only in a part of the progress of cell injury: the rate of increase of dead cells gradually declined at the final phase where the mortality approached asymptotically to 1. However, the model does not describe the delay in the induction of PI-positive cell followed by an exponential increase of injured cells. One of the reasons is that each cell would have its own susceptibility to thermal injury and the cell would be damaged in a stochastic manner. Because all cells do not show the same thermal tolerance, the weaker cells would necrotize first. The number of cells that have perceived the thermal energy above a threshold increases gradually, and consequently, the exponential induction of dead cells would be observed. The two-step damage model might be a promising model to describe our experimental data because the assumption of intermediate weak state allows cells to be suspended from their death. It has been expected to describe the delay in the induction of PI-positive cells and the following steep increase in the number of these cells with optimum values of k 1 and k 2 . However, it was not the case. Incorporation of an additional model with another parameter to express the delay in the induction of irreversible injury is required to correlate the experimental data well. Even in this case, the correlation coefficient is lower than that by the logistic equation. Any model requires several parameters that could be determined only by the experiment. The model of thermal damage is used to predict injured cells during thermal excursion by a medical treatment. It may be used with a solution to a heat conduction equation. Taking into account that the logistic equation requires only two parameters to be determined as well as that it is the best to fit the experimental data, it is valuable to use the present model even though its parameters were not determined from physical and chemical mechanisms of cell injury.
Among three different cell lines, osteocytes showed the least thermal tolerance. The high r , the slope of logistic curve, indicates that the cell injury rapidly progresses once it exceeds a threshold. The lower c , the time to reach 50% of cell mortality, is a direct indicator of low thermal tolerance. The mechanism by which the cell death is thermally induced is very complex and further biochemical experiments would be needed to clarify how the thermal treatment affects on three cell lines differently. Primary target for hyperthermic cell injury above 40°C has been considered to be the plasma membrane containing both protein and lipid [22] . Subcellular organelles such as mitochondria [23] , ribosome [24] , Golgi apparatus [25] , and cytoskeletons [26] are also included as the target of cell injury. The low thermal tolerance of osteocytes would be attributed to the difference in these structural components among cell lines. Osteocytes are differentiated from bone-forming osteoblasts and deeply embedded in bone when the osteoblasts secret bone matrix around them. They are connected each other via long, slender cytoplasmic processes that are radiated in all direction from cell bodies. Since osteocytes are further differentiated mature cells, they show shrunk cell bodies and have relatively few organelles necessary for matrix production and secretion. Osteoblasts, in contrast, shows larger cell body than osteocytes and actively synthesize extracellular matrix such as type I collagen, alkaline phosphatase, osteopontin, and bone sialoprotein [27] [28] [29] . Fibroblasts also have larger cell body and vigorously secret type I collagen.
When orthopedic prostheses are implanted into bone with bone cement, low thermal tolerance of osteocytes might cause excess bone resorption around the bone cement. A balance between bone formation and resorption would be also disturbed after the percutaneous vertebroplasty (PV) because relatively massive amount of bone cement is injected in vertebra and causes considerable heat generation. These metabolic changes are partly induced as a consequence of osteocyte activity that has a crucial influence on the induction of bone-resorbing osteoclasts. According to previous studies [30, 31] , osteocytes suffered from mechanical damage could significantly upregulate the secretion of essential factors for osteoclast differentiation, M-CSF (macrophage colony-stimulating factor) and RANKL (receptor activator of NF-κB ligand). In these studies, mechanical damage was applied to osteocytes by cyclic stretching of the cellular network in three-dimensional culture. This would induce the rupture of the cell membrane, which means the induction of necrotic cell death. Although the mechanism of cell death in the present study was different from the mechanically damaged cells, the thermally treated cells would also necrotize due to the change in protein conformation. The thermally induced necrosis of osteocytes is therefore important in upregulation of the osteoclast differentiation factors and enhances bone resorption around the interface between bone tissue and cement. Even when the cells are exposed to the heating below a threshold of necrosis, they possibly suffer from cell apoptosis [5] , which is a type of death where cellular self-destruction system is activated to selectively eliminate cells. The apoptotic osteocytes are also associated with the upregulation of osteoclast differentiation by releasing the apoptotic bodies that have a potential to initiate osteoclastogenesis [32] . These facts suggest that both necrotic and apoptotic osteocytes have a capability to stimulate osteoclastic bone resorption around the interface between bone tissue and cement, and that the heating at low temperature that is harmless to other cell types might lead to a collapse of balance in bone remodeling.
Conclusions
Three different cell lines, osteocyte, osteoblast and fibroblast, were exposed to steady supraphysiological temperatures ranging 40-75°C, and change of cell mortality was examined by using fluorescent dye. All cell lines exhibited approximately exponential increase of cell injury in the initial phase, and then gradual decline of the increasing rate as the cell mortality approached 1. This behavior could be well described by a logistic curve with high correlation coefficient. Thermal tolerance of osteocytes was found to be the lowest among three cell lines. This result indicates that the heating at a temperature that is harmless to other cell types might induce both necrotic and apoptotic osteocytes, and consequently leads to stimulating osteoclastic bone resorption around the interface between bone tissue and cement.
